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Immunology of pyelonephritls in the primate model: Live versus
heat-killed bacteria. We produced nonobstructive pyelonephritis
in the rhesus monkey (Macaca mulatta) by means of a retro-
grade inoculation of Escherichia coli to the point of pyelotubular
backfiow. To evaluate the immune response separate from the
effects of infection, we introduced heat-killed bacteria in the
same fashion. The disease from live bacteria is self-limited and
associated with both a local and generalized immune response.
The most marked cellular response is in the regional lymph
nodes and is more specific to the bacterial antigen than is a gener-
alized stimulation of the immune system. Dead bacteria, while
eliciting the formation of serum antibody to the 0 antigen, ap-
pear to ablate the cellular response seen with live bacteria. Loss
of renal tubules with attendant scarring and loss of renal function
does occur from live bacteria. This does not appear to be due to
the antigen alone (unless a heat labile antigen is responsible),
because heat-killed bacteria do not cause renal scarring. Thus,
renal damage seems dependent on an active infection and not on
the immune response.
Immunologie de Ia pyélonéphrlte dans le modèle utilisant le pri-
mate: Bactéries vivantes on détruites par Ia chaleur. Une pyelo-
néphrite non obstructive a été déterminee chez le singe rhesus
Wacaca mulatto) par I'innoculation retrograde d'Escherichia
coli au point de reflux pyelotubulaire. Afin d'évaluer Ia réponse
immune indCpendamment des effets de l'infection, des bactéries
détruites par Ia chaleur ont été introduites de Ia méme facon. La
maladie obtenue avec les bactéries vivantes est spontanément
limitée et associée a une réponse immune génCrale et locale. La
rCponse cellulaire Ia plus importante est observée dans les gan-
glions lymphatiques régionaux et est plus spécifique vis-à-vis de
l'antigène bactCrien qu'une stimulation génCralisée du système
immunitaire. Les bactéries tuées déterminent Ia formation
d'anticorps sériques dirigés contre l'antigène 0, des paraissent
cependant ne pas entrainer la réponse cellulaire observée avec
les bactéries vivantes. La perte de tubules rénaux avec fibrose et
diminution de la fonction rénale est observCe avec les bactéries
vivantes. Cela ne parait pas être dü au seul antigène (a moms
qu'un antigène thermolabile ne soit responsable) puisque les bac-
tCries tuées par Ia chaleur n'entrainent pas de fibrose rénale. Les
lesions rénales semblent done dépendre de l'infection active et
non de Ia réponse immunitaire.
the monkey and at approximately the same in-
cidence as in man [1]. Infection via pyelotubular
backflow of bacteria is believed to be the usual
mechanism of human infections, at least in children
[2], and our technique of retrograde ureteral in-
fusion of inoculum, controlled fluoroscopically,
produces pyelotubular infection alone, without in-
terstitial or venous infection and without renal
trauma [3]. With this model, we tested the humoral
and cellular response to renal tubular bacteria, both
live and dead.
Previous studies in other species have shown an
active systemic response with production of serum
0 antibody [4], which in some [5],but not all studies
[6], is protective against the disease. There is a local
cellular response to produce antibody in the urine
[7] and antibody coating of bacteria [8], presumably
an opsonic function. Cell-mediated immune func-
tion appears to be suppressed early during the dis-
ease, which may impair the local immune response
[9]. Bacterial antigen does persist within the kidney
after viable bacteria have been eliminated, and re-
nal scarring may progress in the absence of viable
bacteria. We wished to determine, therefore,
whether the continued scarring might be due to the
infection, the immune response, or perhaps the per-
sisting bacterial variants undetected by routine cul-
ture methods.
Methods
Animals. Adult female rhesus monkeys (Macaca
mulatta) were used. Eleven were inoculated with
Our study of nonobstructive pyelonephritis was
designed to evaluate the pathogenesis of the disease
as it occurs in man. We chose the monkey as our
model because of its phylogenetic and physiologic
similarity to man. The disease occurs naturally in
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live bacteria and eight with heat-killed bacteria,
with six control monkeys being inoculated with
sterile saline only. They were fed monkey chow and
allowed free access to water. Phencyclidine hydro-
chloride was used as the tranquilizing agent during
experimental procedures.
Preliminary studies showed that urine obtained
by suprapubic bladder puncture was sterile; renal
anatomy and function was normal as determined by
excretory urograms and '311-hippuran renal camera
studies; and cystograms showed that vesicoureteral
reflux was absent.
Method of infection. A pediatric cystoscope was
used to introduce a triple lumen catheter into one
ureter. One lumen was connected to a balloon in-
flated with 1 ml of water to occlude the ureter. The
others at the end of the catheter were used to instill
the bacterial inoculum and measure the pressure of
inoculation. Escherichia coli 04 (2 x 109/ml) were
suspended in saline mixed with an equal volume of
sodium diatrizoate to allow visualization of the in-
oculum fluoroscopically. This solution was injected
until pyelotubular backflow was seen to occur, usu-
ally at a volume of 2 ml [101 and a mean pressure of
32 mm Hg [3]. Iodine 131 (1 MCi) was also in the
inoculum. After inoculation, venous blood was
drawn at 1, 10, and 60 mm, then cultured and
counted in a scintillation counter to assure that
pyelovenous inoculation had not occurred. One
sign of infection was decreased uptake and delayed
excretion of 1311-hippuran on our routine renal
scintiphoto studies, as we have previously de-
scribed [11]. A second group of animals was in-
oculated in the same way with bacteria that had
been heat killed by boiling for 60 mm. A third sham
group was inoculated with sterile normal saline as a
control for the immunologic studies.
Bacteriology. Urine and blood samples were ob-
tained before inoculation, and at 2, 7, 14, 21, and 30
days after inoculation. The urine was obtained by
suprapubic percutaneous bladder aspiration. Quan-
titative urine cultures were performed with a cali-
brated loop, inoculating MacConkeys agar plates;
and blood cultures, in trypticase soy broth. Bacteria
were typed by direct bacterial agglutination with
type-specific antiserum. At sacrifice, half of each
kidney was homogenized in normal saline, cultured
for bacteria, and an aliquot of the homogenate was
added to 0.25% saline for cell lysis. It was then fil-
tered through a 0.22-s millipore membrane and the
filtrate used for bacterial variant culture by in-
oculating into variant medium [12], as well as
thioglycollate broth.
Initially, and at 2 and 4 weeks after infection, we
determined the phagocytic and bacterial killing
rates with whole blood using the Cohn technique
[13]. A ratio of one bacterium per leukocyte was
used.
I,n,nunology. The humoral response (serum 0
antibody to the infecting organism) was determined
by indirect hemagglutination. Sheep red blood cells
were coated with homologous "0" antigen for de-
termining antibody titers.
Lymphocyte transformation was done by using
phytohemagglutinin (Curtin) and pokeweed (Gibco)
mitogens, and 0 antigen as stimulants. Mixed lyin-
phocytes from heparinized blood in Falcon plastic
tubes were resuspended in Roswell Park Memorial
Institute (RPMI) 1640 with L-glutamine (containing
penicillin at 100 U/ml, streptomycin at 100 /Lglml),
and fetal calf serum or autologous serum (15 mlIdl
of RPMI).
This cell suspension was then layered over lym-
phocyte separation medium (LSM, Hypaque-Fi-
coIl, Bionetics) to separate polymorphonuclear and
red cells. The buffy layer was removed and resus-
pended in RPMI 1640. The lymphocytes were
washed and adjusted to a concentration of 1 x 106
cells/ml. Microtiter plates (flat bottom) were used
(Linbro Scientific Co., New Haven, Connecticut),
with 0.1 ml of cells and 0.1 ml of mitogen being
mixed in duplicate and incubated at 37° C under 5%
carbon dioxide for 5 days. Tritiated thymidine (New
England Nuclear), 1 MCi, was then added to each
well, and the microplates were reincubated for 18
hours. Cell viability was determined by trypan blue
exclusion (the cells being routinely 95% viable).
Cells were harvested with an automatic cell harves-
ter (MASH II, Microbiological Associates, Walk-
ersville, Maryland) by using phosphate buffered sa-
line to wash for 30 sec and air for 30 sec to rupture
the cells. Glass-fiber filter paper (Whatman 934AH)
was used to concentrate the cell remnants, which
were then suspended in 5 ml of aquasol and counted
for 20 mm at 2% error in a scintillation counter
(Beckman LS-150). The results are expressed as net
counts per minute (cpm experimental minus cpm
nonstimulated cells).
Three concentrations around the optimum dose
of each stimulant were used: pokeweed mitogen
(PWM) at 5, 15, and 150 jsg/ml, phytohemagglutin
(PHA) at 6, 60, and 600 p.g/ml, and 0 antigen at 10,
100, and 1000 pg of protein per milliliter of super-
natant.
O antigen was made by growing E. coli 04 on veal
infusion agar and harvesting it with sterile hemag-
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glutination buffer. They were killed by heating at
800 C for 60 mm, and they were centrifuged at
10,000 rpm for 20 mm. The protein concentration,
per milliliter of the supernatant, was determined by
the Lowry method.
Plasma protein, albumin, and globulin concentra-
tions were determined by the Biuret method [14],
and relative serum immunoglobulin concentrations
(1gM, IgG, and IgA) were determined by radial im-
munodiffusion [151. Quantitative determination of
serum immunoglobulins was done in antibody-
agar plates. The antisera used were goat anti-
human a- and p-specific (Meloy Labs., Springfield,
Virginia), and goat antirhesus y chain that was pre-
pared by immunization with a Freund's complete
adjuvant emulsion of rhesus monkey y chains and
isolated after reduction and alkylation of chromato-
graphically purified IgG [16]. The experimental pre-
cipitin ring diameters were compared to serial two-
fold dilutions of a standard pool of rhesus monkey
serum, and the results were expressed as a percent-
age of the standard.
An aliquot of the urine was obtained weekly by
suprapubic bladder puncture for culture, and part of
it was frozen. On the latter, antibody coating of bac-
teria was determined by direct immunofluorescence
by using fluorescein labeled goat antisera to human
IgG and 1gM but not IgA. Any bacterial fluores-
cence was an indication of a positive test.
Terminal studies. Thirty days after inoculation,
under aseptic conditions, the kidneys, peripheral
and regional renal lymph nodes, and spleen were
removed. Half of each kidney was used for culture
for bacteria and filterable bacterial variants; the oth-
er half, for histology, immunofluorescence, and
lymphocyte transformation. The lymphocyte trans-
formations were done in half of the animals. Tissue
was minced in RPMI 1640, incubated for 45 mm,
and the supernatant containing cells was layered
over the LSM solution. The buffy layer was used as
in the blood studies of lymphocyte transformation.
For immunofluorescence, a section of tissue was
quick-frozen with liquid nitrogen and stored at
—20° C. Sections were cut for both direct and in-
direct fluorescence studies. The direct study was on
tissue treated with goat antihuman IgG and 1gM,
and the indirect study was on tissue pretreated with
immune monkey serum.
Pathology. Histopathologic change was quan-
titated according to the established histologic pa-
rameters [171 by the pathologist who was unaware
of the experimental group. The inflammatory cell
exudates and reparative response, such as fibrosis
and scarring, were considered important in deter-
mining renal injury and repair. Fibrosis, scarring,
and mononuclear cell infiltrate, especially in the
subcapsular, pelvic, and periglomerular regions,
were considered as nonspecific subacute to chronic
inflammatory changes.
Statistics. Evaluation of significance was done by
the Mann-Whitney U test in the case of small
groups, Student's t test for larger groups, and analy-
sis of variance where indicated.
Results
Bacteriology. All monkeys inoculated with live
bacteria were bacteriuric for at least 1 week (mean,
17.3 3.7 days). Only 4 of the 11 had bacteria in
their kidney at sacrifice (30 days after inoculation).
Although culture of these kidneys in variant broth
showed what appeared to be variants microscop-
ically, none reverted to ordinary bacteria when
transferred to routine culture media.
Heat-killed bacteria did not produce an infection,
but they were seen in the urine microscopically up
to 2 weeks after inoculation.
Humoral immunity. The humoral response was
marked, whether the inoculation was heat-killed or
viable bacteria. Serum lgG, 1gM, and IgA all in-
creased after inoculation of live bacteria, the 1gM
response occurring the earliest. The heat-killed bac-
teria, however, failed to stimulate the formation of
lgG (Fig. 1). These changes were accompanied by a
significant increase in serum globulin concentra-
tions (Fig. 2).
Local antibody production, as determined by flu-
orescent antibody coating of bacteria, occurs rapid-
ly, as shown in Table 1. We did not test for IgA, but
in 1 week antibody coating with IgG occurred in
some, 1gM being seen more frequently after 2
weeks. This timing is opposite to that of the serum
antibody response. The local response is as marked
with heat-killed bacteria as it is with live bacteria,
being present as long as the heat-killed bacteria are
being excreted in the urine. The test is not an infal-
lible sign of renal infection, however, as those ani-
mals in whom the infection cleared spontaneously
after 7 days did not show antibody coating of bac-
teria. This is probably due to the time it takes (about
a week) for the local response to occur.
Serum antibody titers to the 0 antigen were ele-
vated by week 2 and remained high to the time of
sacrifice in both live (3265 543) and heat-killed
bacterial inoculations (6666 3120), with no signifi-
cant difference between the groups.
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Fig. 1. Mean anti-IgG, anti-lgM, and anli-IgA titers in the serum
of animals infected with live compared with heat-killed bacteria.
Statistical probabilities for anti-IgG were obtained using the
Mann-Whitney U test. Values for anti-IgM and anti-IgA were not
statistically different.
Cellular immunology. Live bacteria produced a
significant leukocytosis in the peripheral blood (Fig.
3), but dead bacteria did not. The phagocytic rate of
peripheral blood leukocytes of monkeys inoculated
with live bacteria, however, increased until the time
of sacrifice. This rate was significantly increased
over both controls and those inoculated with heat
killed bacteria. Phagocytic bacterial killing rate did
not change in either group (Fig. 4).
Table 1. Number of animals with antibody coating of bacteria
Treatmenta
IgG/IgM
Week
i
Week Week
2 3
Week
4
Live bacteria
(N = lO)t
Heat-killed bacteria
(N = 7)
5/2
7/2
4/1 4/3
2/0 0/0
3/3
0/0
a Parentheses contain numbers of subjects.
In 4 monkeys, bacteriuria cleared after 1 week.
A highly significant finding was that lymphocyte
transformation did not occur from 0 antigen prior
to infection. This is similar to previous findings in
man [18] but opposed to those in the mouse [19]
where bacterial antigen acts as a mitogen.
The response of blood lymphocytes to 0 antigen
increased by 4 weeks after infection with live bac-
teria as opposed to heat-killed bacteria (Fig. 5a).
This was not, however, statistically significant (P <
0.01). Although there was no significant change in
the mitogenic effects of phytohemagglutin and
pokeweed mitogens (Fig. Sb) on blood lymphocytes
after infection with live bacteria, heat-killed bac-
teria suppressed the normal response, whether
compared with the live bacteria group after infec-
tion or the heat-killed group control studies.
When we compared the response to 0 antigen of
blood lymphocytes with that of lymphocytes from
regional lymph nodes near the infected kidney, we
found that these nodes were the site of the most ac-
tive lymphocytes. Again, however, inoculation of
heat-killed bacteria suppressed the response to 0
antigen (Fig. 6). Splenic lymphocytes showed little
response in animals inoculated with heat-killed bac-
teria, but those with a true infection responded
more markedly (Fig. 7).
Lymphocytes from the infected kidney respond-
ed poorly to phytohemagglutin mitogens, as pre-
viously shown in the rabbit, probably because of
the interference produced by normal kidney cells in
lymphocyte transformation from this mitogen 120].
Pathology. Live bacterial inoculation produced a
mononuclear interstitial infiltrate in the renal pelvis
and papilla, extending as a widening wedge into me-
dulla and cortex. In the same areas, tubular scarring
and dilatation was present, but with little glomeru-
lar change. This interstitial nephritis, associated
with pyelitis and tubular damage, was defined as
chronic pyelonephritis. Following inoculation of
live bacteria, the most common changes were
Live bacteria
)N= 10)
Heat-killed bacteria(N 7)
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chronic responses: interstitial mononuclear cell in-
filtration (11/11) and extensive fibrosis and scarring
and tubular atrophy and dilatation (9/il) occurred.
Papillary necrosis and pelvic lymphocyte infiltrate
were also frequent (7/11) (Table 2).
The final pathologic finding after inoculation with
heat-killed bacteria was much different. Patchy in-
terstitial infiltrate with mononuclear cells was still
evident, but there was no papillary necrosis or pye-
litis, and little tubular damage or scarring. The dam-
age seen was limited to the original sites of pyelo-
tubular backflow. This difference is shown by the
significant loss (P < 0.05) of renal weight of 1.4
0.3 g (out of the usual 1 1-g kidney) following live
bacterial inoculation, as opposed to a nonsignificant
0.6 0. 1-g difference following heat-killed bacterial
inoculation, when the inoculated kidney is com-
pared with the control. The lesser amount of in-
volved kidney seen on histologic sections when
compared with that of monkeys infected with live
bacteria (Table 1) is also noted. Direct immuno-
fluorescence of kidney showed antigen in the areas
of inflammation in both groups, that is, those infect-
ed with live and heat-killed bacteria.
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Fig. 2. Mean serum protein for animals infected with live versus heat-killed bacteria. Comparisons by Student's t test at each week did
not reveal any significant differences. Analysis of variance (ANOVA) for subjects x groups x trials indicated that there was a significant
difference between trials F [2, 20] = 4.114, P = 0.032. ANOVA for total protein, albumin, and the albumin:globulin ratio indicated sig-
nificant differences between trials also. Protein F [2, 20] = 3.509, P = .047; A:G F [2, 20] = 5.884, P = 0.01.
Discussion
Previous experimental models of pyelonephritis
have relied on renal damage before or coincident
with infection and are thus not true models of the
pathogenesis of the disease in man. Renal massage
[21], ureteral obstruction with its attendant ischem-
ic renal damage [22], prior staphylococcal infection
leading to microtubular obstruction [23], or crystal-
line (oxamide) microtubular obstruction [24] have
all been used before hematogenous infection. Direct
needle-puncture inoculation of the kidney 1251 also
involves the trauma of the puncture and probably
Interstitial Tubular
monocytic atrophy
infiltration Fibrosis Scarring Pyelitis or dilation
% % % 9/0 %
Live bacteria
Mean 3.8 2.5 2.1 1.7 1.9
Range 3to4 Oto4 Oto4 Oto4 Oto4
Mean 1.1
Heat-killed bacteria'
1 0.8 0 0.4
Range ito 2 0 to 4 0 to 4 0 0 to 1
A
.—. Live bacteria (N 12)
o——o Heat-killed bacteria (N = 7]
P <005
NS P<005
0 2 4
Time after infection, weeks
Fig. 4. A Cellular phagocytic rate - ANOVA indicated that there
was a significant difference between groups (F [1, 17] = 4.467; P
= 0.05). B Mean phagocytic killing rate for animals infected with
live versus heat-killed bacteria. ANOVA for subjects >< groups
x trials indicated that there was a significant difference between
trials (F [2, 281 = 4.72; P = 0.01), and the interaction of groups x
trials (F 12, 281 = 3.78; P = 0.03), but no significant difference
between groups (F [2, 28] = 0.3!; P = 0.59). Probabilities shown
for each week were obtained using the t test.
attendant scarring because the infections do not
clear spontaneously. Retrograde infections in the
rat are probably more akin to the means of infection
in man, but occur only when renal trauma, that is,
forniceal tears, occurs [26]. None of these are usual
prior to nonobstructive pyelonephritis in man. Py-
elonephritis will occur following simple hematoge-
nous inoculation with enterococcus [27], but this or-
ganism is not usually associated with the disease in
man.
We have previously shown that "nonobstructive
pyelonephritis" from ureteral infection alone (with-
out pyelotubular backflow) does have an element of
obstruction due to the peristaltic abnormality from
the bacteria [28]. Thus, even in pyelotubular infec-
tions, without renal trauma, as in the present study,
there may be some obstructive element. Infection
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The pathology produced was as severe, however,
whether live bacteria were found in the kidney at
sacrifice or the infection had been cleared. We have
previously shown that bacterial variants are pro-
duced during experimental infection [291. In this
study, because filterable, stabilized bacterial vari-
ants (incapable of reversion to ordinary bacteria)
were seen on culture of kidney in variant broth, the
role of these stable aberrant forms in renal damage
warrants further exploration. Should reversion to
bacteria occur, they might cause further scarring, as
we and others have previously suggested [12, 30,
31].
Is progressive renal disease following infection
due to immunologic events? Bacterial antigen per-
sists in the kidney following infection as we here
and others have shown [32, 33]. A humoral immune
response followed inoculation of either live or heat-
killed bacteria, as manifested by local and systemic
serum 0 antibody production. Although 0 antigen
did not stimulate blood lymphocytes in vitro, it cer-
tainly did stimulate those from regional nodes of
monkeys inoculated with live bacteria, indicating
that cell-mediated immunity is a part of the immune
response in pyelonephritis. But, inoculation of heat-
killed bacteria induced no leukocytosis and sup-
pressed the in vitro cellular response both to mito-
gens and 0 antigen. The absence of leukocytosis
may be highly significant because it has been shown
that polymorphonuclear cells from acute pyelo-
nephritic exudates cause lysis of renal cells in vitro
[34]. The minimal pathologic changes with no loss
in renal tissue we observed following inoculation of
heat-killed bacteria, associated with both depressed
CMI and leucocytosis, suggest that cell-mediated
immunity or circulating inflammatory cells may be
important for the production of renal damage fol-
lowing live bacterial inoculation.
Our results after inoculation with heat-killed bac-
teria differ from the findings of other investigators
who gave rats heat-killed bacteria by means of
needle inoculation of the kidney [35, 36] and found
histologic changes. The loss of renal tissue was not
measured, however, and the different animal spe-
cies used as well as the traumatic means of injection
may explain the difference from our results.
Variable results have been reported in previous
attempts to demonstrate cell-mediated immunity
[37, 38] in pyelonephritis. When the antibody re-
sponse was prevented by treatment of rats with cy-
clophosphamide, bacteria were more rapidly
cleared from the kidney [39]. This suggests that cell-
mediated immunity (via T cells) was enhanced by
preventing the humoral response. There was, how-
ever, no increase in renal pathology in these ani-
mals. Thus, cell-mediated immunity should not be
the mechanism for producing the scarring of chron-
ic pyelonephritis. Cyclophosphamide also depress-
es the leukocytic response, thus its effect is com-
plicated. More recent studies in the rat show that
cell-mediated immunity is ablated early in pyelone-
phritis and suggest that this may be responsible for
the early replication of bacteria [9]. We showed
that, with continuing infection, cell-mediated immu-
nity occurs and increases as the infection is eradi-
cated, whether by coincidence or as a cause of the
clearing is unknown. That a circulating factor might
be responsible for pathologic changes was sug-
gested by the lesions similar to pyelonephritis that
were produced in a parabiosis experiment in the
noninfected parabiont [40]. Although this study is
impressive, the ability to produce unilateral pyelo-
nephritis without affecting the contralateral kidney,
as occurred in our model, makes these results of
parabiosis suspect. Further, the organism used was
the enterococcus, unusual in human pyelonephritis.
There has been only one study in which renal au-
toimmunity was found, and in this study cell-medi-
ated immunity occurred to both bacterial and renal
antigen [37]. Of course, one must ask whether this
was a crossreaction to similar antigens rather than
true response to renal antigen. A similar study of
cell-mediated immunity showed that splenic lym-
phocytes responded to bacterial antigen but not to
renal antigen [38]. No antikidney circulating anti-
bodies have been described [41].
The evidence indicates that progressive renal dis-
ease requires a marked inflammatory response trig-
gered by bacterial infection and enhanced by trau-
ma. Specific antibody or cell-mediated immunity di-
rected against bacterial antigens may contribute to
the pathology, by augmenting the inflammatory re-
sponse through complement activation or release of
lymphokines, but are not a prerequisite for disease.
Current experiments are evaluating the role of com-
plement in the development of pyelonephritic le-
sions.
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